The hydration of the oxygen-evolving complex (OEC) was characterized in the dark stable S 1 state of photosystem II using water R 1 (o) NMR dispersion (NMRD) profiles. The R 1 (o) NMRD profiles were recorded over a frequency range from 0.01 MHz to 40 MHz for both intact and Mn-depleted photosystem II core complexes from Thermosynechococcus vulcanus (T. vulcanus). The intact-minus-(Mn)-depleted difference NMRD profiles show a characteristic dispersion from approximately 0.03 MHz to 1 MHz, which is interpreted on the basis of the Solomon-Bloembergen-Morgan (SBM) and the slow motion theories as being due to a paramagnetic enhanced relaxation (PRE) of water protons. Both theories are qualitatively consistent with the S T = 1, g = 4.9 paramagnetic state previously described for the S 1 state of the OEC; however, an alternative explanation involving the loss of a separate class of long-lived internal waters due to the Mn-depletion procedure can presently not be ruled out. Using a point-dipole approximation the PRE-NMRD effect can be described as being caused by 1-2 water molecules that are located about 10 Å away from the spin center of the Mn 4 CaO 5 cluster in the OEC.
Introduction
In oxygenic photosynthesis, light-driven water-splitting is carried out by the oxygen-evolving complex (OEC) of Photosystem II (PSII), a pigment-protein complex embedded in the thylakoid membranes of higher plants, green algae, and cyanobacteria. The OEC consists of an inorganic Mn 4 O 5 Ca cluster and its surrounding protein matrix, which includes the redox-active tyrosine residue Y Z (D1-Tyr161). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Y Z /Y Z is a critical redox couple, since it quickly reduces P680 + after light-induced charge separation and then retrieves an electron at a much slower rate from the Mn 4 O 5 Ca cluster, thus allowing chemistry to take place instead of charge recombination. 11 Four consecutive light-induced charge separations drive the Mn 4 O 5 Ca cluster through a cycle (Kok cycle) of five intermediate oxidation states denoted as S n (n = 0-4). 8, 12, 13 The S 0 state is the most reduced state while S 1 is the dark stable state. The S 2 and S 3 states are metastable states that decay back to the S 1 state within a few minutes at room temperature. S 4 is a transient state involved in the formation and release of O 2 during the S 3 -(S 4 ) -S 0 transition. 8, 12, 14 EPR and ENDOR, as well as X-ray spectroscopy have been employed to characterize the electronic structure of the Mn 4 CaO 5 cluster. 4, 5, 9, [15] [16] [17] [18] [19] [20] [21] [22] [23] Most groups agree that the oxidation states of the S 0 state are Mn 4 (III,III,III,IV) 24, 25 and that the subsequent transitions up to S 3 involve Mn III -Mn IV oxidations 26, 27 (see however refs. 28 and 29) . Via the m-oxo bridges the unpaired d-electrons of the four Mn III/IV centers couple to total spins of have been observed at g = 2 (S 0 ), g = 4.9 (S 1 ), g = 2 and g Z 4.1 (S 2 ), and g = 8 and 12 (S 3 ) at liquid helium temperatures using parallel (S 1 , S 3 ) or perpendicular mode (S 0 , S 2 ) EPR. [17] [18] [19] [20] [30] [31] [32] [33] [34] [35] [36] Several crystal structures of PSII, which crystallizes as a dimer of 700 kDa, have been reported at progressively better resolutions of 3.8 Å to 2.9 Å, and recently 1.9 Å. 1, [37] [38] [39] [40] This latest structure not only revealed a very detailed picture of the protein and its cofactors including the Mn 4 CaO 5 cluster, but also identified about 1300 water molecules per monomer that are associated with the stromal surface of PSII or 'bound' within the luminal extensions of the CP43 and CP47 inner lightharvesting proteins and within the three extrinsic proteins of PSII, PsbO (33 kDa), PsbU (12 kDa) and PsbV (cyt c 550 ; 15 kDa). 1 This lumenal shield protects and stabilizes the Mn 4 CaO 5 cluster, and it also forms several channels for water access, as well as for proton and oxygen release. 1, 39, [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] Studying the access of water to and the escape path of protons from the catalytic site of water oxidation, as well as the binding of substrate water to the Mn 4 CaO 5 cluster are crucial aspects for deriving the mechanism of photosynthetic water oxidation. Substrate water-binding has been mostly studied by time resolved membrane-inlet mass spectrometry 6,9,52-54 and FTIR spectroscopy using 18 O isotope labelling, 9, 55, 56 but also by advanced EPR spectroscopy using 17 O-labelling. [57] [58] [59] [60] [61] It was concluded that at least one substrate water is bound in the S 0 and S 1 states, while both substrates are bound in the S 2 and S 3 states. 4, 6, 52, 62, 63 Consistent with this conclusion the 1.9 Å crystal structure has identified four water molecules that are ligated to the Mn 4 CaO 5 cluster: two to Ca, and two to one of the four Mn ions. 1 In addition, several water molecules were found in their vicinity that are part of an intricate H-bonding network, which is highly important for the function of the OEC. In proton spin-lattice NMR dispersion experiments (R 1 -NMRD) one measures the proton R 1 (spin-lattice) relaxation rate as a function of the Larmor frequency by varying the static magnetic field B. The experiment reports on the water spin relaxation rate of bulk water, which can change dramatically due to relatively few water molecules which are reorienting slowly due to interactions with the protein. 64 Such long-lived water molecules (t w 4 10 ns) are usually characterized by restricted access to the bulk, a small Debye-Waller factor (B o 20 Å 2 ) and several strong H-bonds to protein ligands or other long-lived watermolecules. 65 When there is a paramagnetic metal ion or some other paramagnetic species present and in contact with exchangeable waters, the water spin relaxation of the bulk water is generally dominated by the electron spin relaxation of the paramagnetic center and the resulting profiles are referred to as PRE-NMRD profiles (Paramagnetic relaxation enhancement = PRE). Parameters that may be derived from such experiments include the number of water molecules/ protons near the paramagnetic site, the limit value of their exchange rates with the bulk water, the characteristics of the spin state of the paramagnetic center, i.e. the zero field splitting and the characteristic correlation time describing its modulation, and the distance between the water protons and the electron spin density. [66] [67] [68] This technique thereby forms a promising tool for studying the mechanism of water oxidation under physiological conditions. The first PRE-NMRD experiments on PSII were performed by Wydrzynski et al. [69] [70] [71] [72] [75] [76] [77] [78] [79] [80] These early measurements and interpretations were limited by sample preparations and structural information available at the time. Both have dramatically improved over the past 20-30 years due to the development of highly stable, clean and active PSII core complexes (PSIIcc) from Thermosynechococcus vulcanus (T. vulcanus) and Thermosynechococcus elongatus (T. elongatus).
1, 37 The former not only allowed obtaining the 1.9 Å crystal structure, but also provided practically Mn
2+
-free preparations of high reaction center (RC) concentration, potentially allowing to obtain artifact-free data with much improved S/N. This prompted us to take up the NMRD and PRE-NMRD experiments again. In this paper, the hydration of the OEC in its dark-stable S 1 state and the water exchange with the bulk is monitored for PSIIcc from T. vulcanus by studying the solvent water proton nuclear magnetic relaxation dispersion employing a field cycling approach.
Experimental procedures

Preparation of the PSII core complex
Core complexes of PSII were isolated from the thermophilic cyanobacterium T. vulcanus as described previously. 81 The 
Sample characterization by EPR measurement at liquid helium temperatures
EPR measurements were used to check the integrity of the Mn 4 CaO 5 cluster of the intact PSII core and the Mn content of the Mn-deleted PSII core samples. The measurements were performed using a Bruker ELEXYS E500 spectrometer using a Super X EPR049X microwave bridge and a Bruker SHQ4122 cavity. The system was fitted with a liquid helium cryostat and a temperature controller (ITC 503S, Oxford instrument). Spectrometer settings are given in the figure legends.
The NMRD experiment
The 1 H NMRD experiments were carried out by using a fast field cycling NMR relaxometer, SPINMASTER FFC2000-CDC (STELAR Company, Italy) equipped with a STELAR broad brand probe thermostated with a STELAR VTC90 variable temperature controller that kept the sample temperature to within AE0.1 1C. The longitudinal relaxation rate (R 1 ) was measured over a 0.01 to 40 MHz ( 1 H resonance frequency) range by using the pre-programmed basic pre-polarization sequence (at low relaxation fields) and basic non-polarizing sequence (at higher relaxation fields). The switching time (SWT) of filed values between the fixed polarization field Bpol, the variable relaxation field Brlx and the fixed detection field Bacq was 3 ms. In our NMRD experiment, 0.25 mL of the sample in a buffer containing 20 mM Mes-NaOH (pH 6.0), 20 mM NaCl, 3 mM CaCl 2 , 5% (w/v) glycerol and calibrated NMR tubes (10 mm diameter) were used. The number of blocks used for R 1 data was 16. The width of the RF 901 pulse was 7.5 ms. The polarization time and the recycle delay were 5 times longer than R 1 at 25 MHz. To subtract the background from the relaxation contribution, NMRD profiles of the buffer were also measured under all conditions. The R 1 values were estimated to have an experimental uncertainty of about 2%.
Experimental results
The spin-lattice relaxation rate measurements of water protons were performed in the 0.01-40 MHz proton Larmor frequency range using a Stellar fast cycling relaxometer. The reported NMRD profiles give either the net-relaxation rates obtained after subtraction of the buffer-relaxation rates from those of the sample suspensions or, where indicated, the difference between the NMRD profiles of intact and Mn-depleted PSIIcc.
The NMRD profiles of intact PSII and Mn-depleted PSII core preparations of T. vulcanus were recorded at 4 various concentrations (27-188 mM PSIIcc) and three temperatures (1, 10, 20 1C) ( Fig. 1 and 2 ). Fig. 1A shows that the relaxation enhancement effect, which is largest at the lowest fields, is approximately proportional to the PSIIcc concentration. However, scaling to the PSIIcc concentration reveals for the two highest concentrations small deviations in the relaxivity in the low-frequency region. We provisionally assign this to increasing inter-complex interactions of the PSIIcc at these higher concentrations that may slow down the dynamics and thus increase the relaxivity. We therefore focus our further analysis on measurements at 60 mM PSII reaction center concentration.
Next, the temperature dependence was measured as this reveals important information about the relaxation process. View Article Online Fig. 2A shows that the relaxation rate decreases with increasing temperature, implying that the exchange of the bulk protons with those in PSII is fast compared to the characteristic correlation time t c . This means that the 'fast exchange limit' can be applied during data analysis (see below). The proton relaxation effect of PSIIcc is a composite of many factors that includes restriction of water movements by binding to the protein or cofactors. Especially strong effects are caused by paramagnetic centers such as the Mn 4 CaO 5 cluster. In the dark-stable S 1 state the Mn 4 CaO 5 cluster is known to attain at liquid helium temperatures largely the first exited S = 1 spin state. To test the contribution of the Mn 4 CaO 5 cluster we removed it by incubation with NH 2 OH. The Mn 2+ released was carefully washed away and the absence of free Mn 2+ was confirmed by EPR spectroscopy (see ESI, † Fig. S1 ). The EPR spectra of the intact and Mn-depleted samples also show that no paramagnetic cofactors that are visible under these conditions at perpendicular mode EPR were lost during Mn removal. The NMRD profiles of the Mn-depleted sample are displayed in Fig. 2B . While the overall shape of the relaxation profile remains similar, it is obvious that the relaxation rates decrease and that the temperature dependence is less pronounced. The relaxation effect of the Mn 4 CaO 5 cluster is then given by the difference intactminus-(Mn) depleted (Fig. 2C) . This difference may have some protein contributions, since the Mn-depletion procedure may also partially release some of the extrinsic proteins. 84, 85 The relaxation enhancement in the absence of the Mn 4 CaO 5 cluster (Fig. 2B) is dominated by the protein. One additional cofactor that may contribute is the non-heme iron on the acceptor-side of PSII. The non-heme iron is usually in the high-spin form of Fe 2+ , which is paramagnetic (S = 2). To probe its contribution we added to the Mn-depleted samples CN À , which is known to impose the low spin configuration (S = 0) onto the non-hem iron. This effect, known from spinach BBYtype preparations, was confirmed for the PSIIcc samples from T. vulcanus using low temperature EPR spectroscopy. For this, the Mn-depleted samples were treated for the EPR spectroscopy with dithionite, which reduces the quinone Q A on the acceptor side of PSII to its radical form Q A À . Q A is tightly bound in the vicinity of the non-heme iron. Thus its EPR signal is broadened beyond detection if the non-heme iron is in its usual paramagnetic high spin S = 2 state. 83 This situation is seen in the KCl control (the lower trace in Fig. 3B ). In contrast, the Q A À EPR signal becomes visible at g = 2.0045 in the KCN treated sample, confirming that the strong ligation of the non-heme iron by CN À converts it to the diamagnetic S = 0 state. Fig. 3A demonstrates that the NMRD profiles of the KCl and KCN treated Mn-depleted PSII samples (not treated with dithionite) are very similar, suggesting that the contribution of the non-heme iron to the overall relaxation enhancement effect of the Mn-depleted PSIIcc is small. This may indicate that the water which is 5.5 Å near the non-heme iron is not in the fast chemical exchange regime, and thus does not contribute to the bulk water proton relaxation rate measured here by NMRD. Thus, the dispersion observed for the Mn-depleted sample appears to be mostly due to the protein, although other cofactors may also contribute.
Our experimental results thus suggest that the Mn 4 CaO 5 cluster in its S 1 state has a significant proton relaxation enhancement effect at room temperature, and that the solvent waters/protons are in rapid exchange with water protons in the 
Theoretical analysis
Is there a paramagnetic contribution of the Mn 4 CaO 5 cluster to the NMRD profiles?
In this section we evaluate if it is possible to rationalize the measured (PRE)-NMRD profiles of the water proton spin-lattice relaxation rates (proton R 1 -NMRD profiles) of the Mn-depleted PSIIcc sample and the native PSIIcc sample without including the paramagnetic relaxation enhancement effect due to the paramagnetic Mn 4 CaO 5 cluster of the OEC. This scenario would tacitly imply that there are no fast exchangeable waters/protons in the vicinity of the OEC cluster, and that the changes in relaxivity observed after Mn-depletion are either due to creating an extra water-filled void or by the loss of extrinsic proteins during Mn removal. According to the relaxation theory for solvated proteins the R 1 -NMRD profile is then given by the relaxation contribution from two types of waters that are either associated with the protein surface or buried inside the protein, namely a and b waters:
The constants have their usual meaning: the permeability in vacuum m 0 = 4p Â 10 À7 N A À2 ; g I is the gyromagnetic ratio of the proton; h is the Plank constant divided by 2p and r II 6 is the distance between the two protons of a water molecule to the sixth power. The experimentally determined proton relaxation rate profile R . The a relaxation contribution refers to water molecules with a spin-lattice relaxation rate that is frequency independent (extreme narrowing regime). But since we already have subtracted the bulk relaxation contribution the a term is defined as the difference between the measured relaxation rate of water in the extreme narrowing regime and the water proton relaxation rate of the buffer solution. Consequently, this relaxation contribution can be ascribed to short residence time water molecules at the protein surface. The effective spin dipole-dipole correlation time t DD is fielddependent (eqn (1c)) due to the proton Larmor frequency (o I ) dependence of both its intra-and inter-molecular contributions. The total relaxation contribution of a sample is thus obtained by summing up the relaxation contributions from all groups of waters characterized by an effective correlation time. [86] [87] [88] [89] [90] [91] [92] [93] 95 In eqn (1c) the dipole-dipole interaction strength between the nuclear spin of the water protons and the electron spin of the paramagnetic centre has been approximately expressed as 0.3 times the intramolecular dipole interaction. The number of b waters is q i per PSIIcc, and they are characterized by the effective correlation time t ci and the order parameter A i . A i is one for completely fixed water molecules that rotate with the speed of the protein. The field dependence of the proton relaxation is described by two functions: 
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where the effective correlation time is defined in terms of a water residence time t Wi and the reorientation correlation time t R of the whole protein,
In Fig. 4A and B the theoretical expressions of eqn (1)- (3) have been used to describe the native PSIIcc and the Mn-depleted NMRD profiles. The water proton NMRD profiles of the Mn-depleted PSIIcc (Fig. 4A) can be reproduced by using two classes of b-waters which are characterized by different effective correlation times t c1 = 1500 ns and t c2 = 75 ns, respectively, plus a small field independent contribution a = 0.06 (s À1 ). A total of about 230 b waters were identified. For the fit of the native sample containing the Mn 4 CaO 5 cluster significantly more b waters are required, about 360. These are distributed into three classes, of which two (t c1 and t c3 ) are similar to the two found in Mn-depleted PSIIcc. In addition, a third component with t c2 = 330 ns is required. Similar fits were obtained for the data collected at 1 1C and 20 1C. It is noted that the t c1 phase in the intact PSIIcc is especially temperature sensitive with regard to the number of b waters and the effective correlation time (see Tables S1 and S2 in ESI †). In order to rationalize these estimates without involving paramagnetic relaxation effects one needs to assume that the chemical process that removed the Mn-cluster also changed the hydration of PSIIcc with b waters. For this we have two options. In the first scenario the Mn-depletion did not alter the protein structure/composition. In that case the hydration with b waters should be larger in the Mn-depleted sample as compared to the native sample since water is expected to fill up the Mn 4 CaO 5 -cluster cavity. The opposite trend is observed and therefore this case can be excluded. In the second scenario, the lower number of b waters in Mn-depleted PSIIcc may then be rationalized by the NH 2 OH-induced loss of extrinsic proteins during the Mndepletion procedure. Indeed this has been reported previously for spinach samples 84, 85 and may also happen to some extent for the more stable PSIIcc of T. vulcanus. So while we cannot exclude this possibility, we think that the presence of a large apparent separate class of b waters in the intact PSIIcc indicates that the difference is mainly due to the paramagnetic contribution of the Mn 4 CaO 5 cluster to the R 1 NMRD profile of intact PSIIcc. In the following, the NMRD difference profiles of Fig. 2C are therefore analyzed by two different theoretical models using this assumption.
The theoretical framework for the analysis of the R 1 PRE-NMRD difference profiles of the paramagnetic Mn 4 CaO 5 complex
The analysis of the intact-minus-depleted PSIIcc NMRD difference profiles presented in Fig. 2C is performed using either the traditional Solomon-Bloembergen-Morgan (SBM) equations [96] [97] [98] or the slow-motion theory that is based on the Stochastic Liouville theory. may be described by the SBM theory. [96] [97] [98] Within the framework of this theory, the intact-minus-(Mn)depleted NMRD difference profile is then given by the expression:
In eqn (4a) q 0 refers to the number of water molecules residing in the vicinity of the paramagnetic spin state of the Mn 4 CaO 5 complex that have a residence time of t W . At fast chemical exchange t W is considered to be short compared to the proton spin-lattice relaxation time T 1M . The other constants have their usual meaning with g s being the gyromagnetic ratio of the electron; r IS is the distance between the nuclear spin and the electron spin state with electron spin quantum number S T . The effective nuclear spin-electron spin dipole correlation time t 0DD is given by:
which is expressed in terms of two spectral density functions:
These electron spin spectral density functions depend on the electron and the nuclear Larmor frequencies o S and o I , the electron spin-lattice relaxation time T 1e and the spin-spin relaxation time T 2e through the effective correlation times:
The reorientation correlation time t R thus refers to all sorts of motions in the protein which modulate the water protonelectron dipole-dipole coupling H DD (t) including the reorientation of the PSIIcc. The electron spin relaxation times are given within the Redfield perturbation theory by:
66,67,99
Here the electron spin relaxation times are determined by the electron spin quantum number S T and the (transient) zero-field splitting (ZFS) interaction D zfs , which is a stochastic time dependent quantity characterized by the correlation time t zfs .
The SBM theory is valid, if the modulation of the ZFS interaction is due to relatively fast local motions that are much faster than the overall tumbling of the PSIIcc (t zfs { t R ). If the term D zfs t zfs (Kubo term) becomes much smaller than 1 (D zfs t zfs { 1), then the time dependent perturbation (Redfield) theory is applicable. 66, 67, 99 4.2.2 The slow motion theory. An alternative approach to the SBM is required if the modulation of the ZFS interaction is due to slow structural fluctuation of the OEC or by some other slow reorientation motion or structural change, i.e. if t zfs = t R . It is thus assumed that a partial averaged ZFS interaction is dominating the electron spin relaxation at room temperature and that this interaction is modulated by rather slow (ms timescale) structural dynamics within the OEC. In this case the Kubo term D zfs t zfs Z 1 and the SBM theory are not valid. If the stochastic Liouville theory is applied to paramagnetic systems, the water proton spin lattice relaxation rate is determined by the electron dipole-nuclear dipole coupling which takes the form of a rather complicated spectral density function K 1 (o I ). 66, 67, 99 It is not possible to give K 1 (o I ) in the closed form that corresponds to eqn (5)- (8) of the SBM theory, but we must rather rely on numerical calculations.
In the analysis of the difference PRE-NMRD profile we have to introduce the decomposition approximation 67 assuming that the modulation of the ZFS interaction and the electron spin relaxation is statistically independent of the protein reorientation. This assumption is questionable if the paramagnetic metal cluster is firmly bound to the protein which means that the permanent (residual) ZFS becomes modulated only by the reorientation tumbling of the whole protein. However, for this case the slow motion theory predicts a field dependent paramagnetically enhanced proton spin-lattice relaxation profile which is qualitatively different from the difference NMRD profile observed here. Therefore, we must assume that the reorientational motion of the metal cluster is independent of the reorientational motion of the whole protein complex. In other words, we need to assume that the ZFS causing the electron spin relaxation is not modulated by the reorientation of the whole PSII complex, but is caused by structural fluctuations (in the ms time range) of the metal cluster relative to the PSIIcc complex. Such dynamics were recently suggested for the Mn 4 CaO 5 cluster in the S 2 state of the OEC, [100] [101] [102] and may also occur in the S 1 state studied here. However, further quantum chemical calculations will be required to verify that.
4.3 Analysis of the proton relaxation dispersion of the paramagnetic Mn 4 CaO 5 complex 4.3.1 Simulation using the SBM theory and a single paramagnetic state (S T = 1, g = 4.9). In this approach the water proton R 1 PRE-NMRD difference profiles (Fig. 2C) are fit with eqn (4)- (8) . The results are shown as red lines in Fig. 5 for four different concentrations of the PSIIcc at T = 10 1C, and the fit parameters are listed in Table 2 . 
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In the fitting procedure using SBM and the slow motion theory (see below) we have to use a value on the amplitude factor in front of the field dependent expressions in eqn (9) . This factor contains as unknowns q 0 S T (S T +1)/r 6 . Since we assume on the basis of EPR data in the literature that the electron spin quantum number for the intact, dark-adapted Mn 4 CaO 5 cluster in photosystem II is S T = 1, 20,36 only the ratio q 0 /r 6 needs to be optimized during the fitting procedure.
This number can be interpreted assuming q 0 = 1 which gives r = 9.8 Å, or if q 0 = 2 then the distance r becomes 10.9 Å and so forth (Table 3) .
The results in Table 2 show that the characteristic correlation time of the ZFS interaction (t zfs ) is about 100-times shorter than the reorientation correlation time t R , which may indicate that it refers to structural fluctuations/vibrations of the OEC that occur at the ns time scale. These fluctuations/vibrations may also lead to a partial averaging of the ZFS interaction parameter, consistent with its rather small D ZFS value (Table 2) . Using the SBM theory the Kubo factor must be much smaller than 1. This is not quite the case. We therefore analyze our data below using the more general slow motion theory.
4.3.2 Simulation using the slow motion theory and a single paramagnetic state (S T = 1, g = 4.9) of the Mn 4 CaO 5 cluster. In Fig. 6 the red lines represent the best fits of R OEC 1,p (o I ) using the slow motion theory. The fits are of comparable quality as those with the SBM theory, but in the simulations the main peak is shifted to a lower frequency, i.e. they describe the high field edge of the main peak better, and the low field edge worse than the SBM theory. Both approaches do not account for a small additional relaxation feature at about 20 MHz, which we will discuss in the next section.
The fit parameters are summarized in Table 4 . The Kubo term is always at least 20 times larger than one, confirming that this theoretical approach is applicable to the data. Fluctuations of the ZFS have a time constant of about 0.7 ms, which is about 200-times longer than estimated by the SBM theory. However, the reorientation time t R , which reflects the fluctuations within the OEC that determine the dispersion effect, is rather similar in both cases, about 0.6-0.9 ms. Table 2 . Note that the peak position is determined by the g-value. (9)). Parameters are given in Table 4 . Note that the peak position is determined by the g-value. The slow motion theory indicates a remarkably similar hydration pattern than the SBM theory (Table 3) . Assuming integer q 0 values, only slightly shorter distances of water molecules to the electron spin center in the OEC are found.
4.3.3 Simulation of the water NMRD profiles of the OEC using the slow motion and the SBM theories and two paramagnetic states (S = 1, g = 4.9 and g = 2.0). Both fit approaches account for the main feature that peaks at about 0.05-0.08 MHz rather well, which strengthens its assignment to the Mn 4 CaO 5 cluster in the S 1 state, since it is known to have a g value of 4.9. 20, 36 However, at higher PSIIcc concentrations there is in both cases a notable discrepancy at higher frequency that peaks at around 20 MHz. This peak can be accounted for by including a second interaction with a g value of about 2 ( Fig. 7 ; Table 5 ). We do not presently know how to assign this peak. Further studies are required to clarify this point.
Discussion
In earlier NMR relaxation studies by Wydrzynski et al. and Sharp et al. relaxation features at around 20-27 MHz were reported that were assigned to paramagnetic state changes of the Mn 4 CaO 5 cluster. These signals were found in S n state difference signals, i.e. for example S 2 -minus-S 1 PRE-NMRD spectra.
Here we find by analyzing the intact-minus-(Mn)depleted PRE-NMRD difference profile a strong relaxation effect at around 0.1 MHz. Theoretical simulations based on the SBM and the slow-motion theory both required an electron transition characterized by a g-value of 4.9 for its simulation. This is consistent with the known parallel mode ESR spectrum of the S 1 state, which has a first excited state with S T = 1 at liquid helium temperature, and thus suggests the assignment of this relaxation feature to a paramagnetic effect by the Mn 4 CaO 5 cluster. While the analysis appears fully consistent, the final assignment can only be made on the basis of future S n state dependent PRE-NMRD profiles. However, assuming for the time being the assignment is correct some possible implications regarding the water access to the catalytic site shall be discussed. Since for both the SBM and slow motion approaches the fast chemical exchange condition applies, which is consistent with the temperature dependence observed (Fig. 2) , the residence time of the water t w needs to be much shorter than the spin lattice relaxation time of the protons, T 1M , which means that t w o 1 ms. Thus, our analysis predicts a sub ms chemical exchange between the bulk and waters near the Mn 4 CaO 5 cluster. Vassiliev et al. calculated that most water channels have barriers of about 10 kcal mol À1 and that this translates into permeabilities of about 5000 water molecules per s at 300 K, 44 which corresponds to a residence time of 200 ms. For most channels this barrier was found 10-12 Å away from the OEC, and subsequent barriers would not exceed 5 kcal. This estimate would suggest that we do not observe the waters in the immediate vicinity of the Mn 4 CaO 5 cluster, but rather those directly behind the barrier. The number of waters within the spheres of 10-15 Å from the center of the OEC complex is about 30. This is qualitatively consistent with the estimates in Table 3 , if one takes into account that the point dipole approximation for obtaining the hydration numbers in Table 3 is only a very rough estimate. More accurate values may be obtained in future on the basis of detailed quantum chemical calculations that derive the distribution of spin density in the OEC complex in the S 1 state. It is noted, however, that the distance of W1 and W2 to Mn1/Mn2 is about 7 Å, so that it presently cannot be fully excluded that they cause the observed PRE-NMRD effect.
Conclusion
The experiments and analysis presented here strongly suggest that electron spin relaxation of the S 1 state in PSII is an important contribution to the overall correlation time at low field, and also identify a second contribution at around 20 MHz. They thus make NMRD an interesting tool for studying the dynamic features of the Mn 4 CaO 5 cluster in PSII under physiological conditions. The numbers given in the tables have at this early stage to be viewed as our best estimates. The intact-minus-(Mn)depleted difference NMRD profiles of T. vulcanus PSIIcc can be consistently interpreted on the basis of the slow motion theory as being due to a paramagnetic enhanced relaxation Fig. 7 Fit of the experimental water proton R OEC 1,p (o I ) NMRD difference profiles of the OEC (squares = 123 mM, triangles = 188 mM) at 10 1C using theoretical simulation (red line) using the slow motion theory and two g-values (g = 4.9 and g = 2.0). Parameters are given in Table 5 . Note that the peak positions are determined by the g-values. 
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(PRE) of 1-2 water molecules residing about 10 Å away from the spin center of the Mn 4 CaO 5 , which is in a paramagnetic state characterized by S T = 1, g = 4.9. These water molecules exchange with the bulk water with sub ms exchange times, is consistent with previous theoretical calculations. 44 The modulation of the ZFS interaction indicates a (restricted) reorientation or structural equilibrium of the Mn 4 CaO 5 cluster in the S 1 state that occurs on the ms time scale. The validity of the SBM theory is however questionable because the parameters extracted do not fulfil the presupposed perturbation criterion. Future S n state dependent PRE-NMRD experiments are required to confirm these assignments. They may also reveal important information on the role of diffusion barriers within the water channels of PSII.
